Introduction
humans in the "anthroposphere" utilize resources in an "open loop" way generating significant amounts of wastes. Industrial ecologists have begun to assess physical economy through the lens of ecological principles (Ayres and Ayres 1996; Graedel and Allenby 2002; Socolow et al. 1994 ). The objective of such analytical studies in IE is to determine the anthropogenic contribution to natural material flows, the causal factors, and the spatial and temporal distribution of environmental concerns.
The amount of resources that are available as a result of geochemical processes in nature do not represent the complete set of resources that will be utilized to meet future demand. A fraction of the geochemical resources occur in the form of the concentrated ores which we presently mine and the remaining fraction are the resources that are distributed in lower concentrations in rocks and ultimate recovery will depend on geology, technology, and economics. It is also important to consider some other stocks of resources -employed and expended stocks (Kapur and Graedel 2006) . The amount of resources extracted and mobilized from the Earth and put in use by us but not yet discarded is considered employed stock. The expended stock is that fraction of resources which were put in use but now have been discarded or dissipated during use. The employed stock can be categorized into the following components -in-use stock and hibernating stock. In-use stock is the amount of a resource that is still in active use. Examples of in-use stocks include use of copper wirings, steel girders, and concrete walls in buildings. The portion of in-use stock of materials that has been put out of service but not discarded completely is referred to as hibernating stock.
Examples of hibernating stocks include obsolete computers stored in closets, and lead sheathing on telephone cables still in place but no longer connected to the network.
Quantifying Employed Stock
There are two basic approaches to quantifying employed stock -static and dynamic modeling. In the static method, after choosing the spatial system boundary for analysis, all principal reservoirs (e.g., buildings, roads, bridges) that contain the material under consideration are identified, and thereafter, the amount of material in each reservoir is determined (e.g., amount of cement in a building or bridge, expressed either in absolute weight terms or as a fraction of the total mass of the reservoir). After determining the amount of material in each reservoir, all the reservoir values are aggregated to determine the total material within the system boundary. The static approach is illustrated with an example to determine the in-use cement stock in building infrastructure in the United States. The first step is to make an inventory of residential buildings, commercial buildings, and public buildings in terms of their number (N) and floor area (A). The next step is to determine the amount of cement in each type of building either expressed as the average amount of cement per unit floor area of the building (Wa) or as overall average weight of cement in a building (Wn). In a simplified form, the stock of cement in buildings could be expressed as ∑Ni*Win or ∑Ai*Wia where i = type of building. Usually, there is lack of empirical data on parameters that quantify the material composition (such as Wa or Wn) of reservoirs. In addition, there are a number of factors such as affluence, population density, etc., that can bring a high degree of variability to the amount of material contained in a reservoir (e.g., affluent people may have bigger homes). In the absence of data, reasonable approximations serve as a proxy value for the material composition parameters representative of the whole reservoir, strengthened by a sensitivity analysis to characterize the uncertainty in the parameters. Such informed estimates are based upon opinion of experts in the field.
In the dynamic approach, material inflows to the system boundary under consideration are categorized into different end-uses (e.g., the amount of cement used for residential, commercial, and public buildings). Each of the end-uses are assigned a service lifetime. The lifetime determines the delay between the material inflows and material outflows in form of discards. The difference between the material inputs and discards is the net addition to in-use stock. The static approach provides a single snapshot of stocks and flows whereas the dynamic model can be used to characterize the net addition or depletion of stocks over time. Characterization of stocks over time can also be utilized to estimate future discards or emissions (Kleijn, Huele, and Van der Voet 2000) .
Such information is useful to formulate end-of-life strategies and management systems.
Resource flows for the built environment account for 70% of the nonfuel, nonagricultural, and nonfood material flows in the United States (Wagner 2002; Wernick 1997) . Besides the built environment in the form of buildings, the critical infrastructure systems of streets and highways, water and waste management, and utilities provide the essential network of linkages to develop and sustain the viability of industrial systems. In this study, we present the methodology of dynamic modeling of stocks and we model results for the 'in-use' cement stock in the built environment 
where,
Fi and Fo are material inputs and outputs of the reservoir under consideration within the system boundary of the material cycle. The balance between inputs and outputs, or lack thereof, can lead to the following three conditions for change in stock ( stock ):
In the present technological society, there is generally net accumulation of material stock in the 'Use' reservoir, as material inflows exceed the material outflows. The material inflows and outflows for cement are described in Section 4.1 and 4.2, respectively.
Inflows
The input-flow distribution for cement comprises two sub-flows -consumption of cement and its end-use distribution. The cement consumption data was partitioned into various end-use markets such as roads, bridges, highways, buildings (residential, commercial, and public), and water and wastewater utilities, based on historical and contemporary data available from the Portland Cement Association. The contemporary cement end-use market in the United States for the year 2003 is shown in Figure 3 . The use of cement for road infrastructure accounts for about one-third of the cement tonnage consumed. However, the cement consumption data divided in different end-uses is not available for all the years. These data gaps were bridged by assuming that cement end-use fractions do not change radically over several decades and yearly changes in few percentage points for each end-use fraction did not affect the results significantly and the lifetime distribution was the more sensitive variable.
Outflows
The outflow of cement discard streams depends upon the time delay between the input and output flows of cement. The residence time of the product usually determines the time delay. The residence-time distribution (life-span distribution) of the product is usually assumed to be a Weibull, Gamma or Lognormal distribution (Elshkaki et al. 2005; Melo 1999; OECD 2001) . Using a particular lifetime distribution, the rate of cement discards exiting the 'Use' reservoir can be determined using the following equation: There is lack of literature and/or data that quantify actual lifetimes of various infrastructure applications. A probability of failure approach was adopted to estimate the parameters required to mathematically define a lifetime distribution. The probability of failure is the probability at which a particular infrastructure will fail to deliver the desired performance and is taken out service completely (Nowak and Collins 2000) . The three lifetime distributions -Weibull, Gamma, and Lognormal, can be characterized by at least two parameters and therefore, in order to determine them mathematically values were assumed for the 50th and 90th percentile for the cumulative probability distribution function (CDF) ( Table 2 ). An expert opinion survey The experts were selected from academia, industry, and government with their expertise in the fields of civil & structural engineering, industrial ecology, material science, risk analysis, geology, cement industry, and economics. The estimates of stock assume that cement discards exit the economy completely at end of life. However, at times old structures are not completely demolished and a part of the structure still remains 'in-use', such as foundations for a concrete bridge (Personal communication, Mr. Hendrik G. van Oss). In the United States the number of abandoned housing units is on the rise, although reliable statistics on their number are scarce (Cohen 2001 ). According to a survey by Miami University and University of South Carolina of over 100 cities in United States, more than 18% of urban structures are unused (Interfire 2005) . The Insurance Service Office has estimated that there are more than 21000 "idle" properties over 15,000 sq ft in the United States (Interfire 2005) . The complete picture on hibernating stocks of cement in the United States is not known, and there is further need for empirical research in this regard.
Results and Discussion

Final Remarks
A substance flow model is presented to illustrate dynamic modeling of stocks. Using the model, the accumulation of in-use cement stocks and cement discards over the time period 1900-2005 in the United States have been estimated. This study makes an assessment of the complete infrastructure of cement stock whereas earlier SFA studies (Brattebo et al. 2005; Müller 2006 ) have focused on building and housing stocks. The stock accumulation of cement is modeled as a function of cement consumption inflows into the economy, the distribution of cement end-uses, and three lifetime distributions for each of the end-uses. In dynamic substance flow analysis model, the lifetime distribution is the most sensitive variable. The service life of an infrastructure is a measure of its durability, which is a key parameter that influences the sustainability of infrastructure systems. Often, however, there is lack of data on actual lifetime distributions. Therefore, for this study to address the uncertainty associated with lifetime distribution, a probability of failure approach was adopted to characterize the parameters for each lifetime distribution. The results of the study indicate that the three lifetime distributions yield results in a very narrow range. This is because the longer time horizon of the study smoothes out the differences between the three distributions.
The dynamic model can be used to characterize the in-use stocks at different spatial levels; however, currently it cannot be used to estimate the amount of hibernating stocks. Hibernating stocks usually depend on consumer behavioral patterns and can be best estimated using comprehensive field surveys. Assuming a growth rate for cement consumption and the end-use distribution, the model can make projections of future discards. The estimates of the age distribution of the in-use stock and vintage of present and future discards provide useful information for different stakeholders -Federal Highway Administration, Department of Transportation, cement industry, and construction and demolition industry, for lifecycle management of infrastructure in the United States.
The model can also be utilized to project demand for materials based on need to repair or replace ageing stock. Currently, these projections are based upon trends in the economy. The framework of the model developed is robust enough to be applied to characterize the stocks and flow of other infrastructure materials in industrial systems. 
